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In all eucaryotic cell types analyzed, proliferations of the endoplasmic reticulum (ER) can
be induced by increasing the levels of certain integral ER proteins. One of the best
characterized of these proteins is HMG-CoA reductase, which catalyzes the rate-limiting
step in sterol biosynthesis. We have investigated the subcellular distributions of the two
HMG-CoA reductase isozymes in Saccharomyces cerevisiae and the types of ER prolifera-
tions that arise in response to elevated levels of each isozyme. At endogenous expression
levels, Hmglp and Hmg2p were both primarily localized in the nuclear envelope.
However, at increased levels, the isozymes displayed distinct subcellular localization
patterns in which each isozyme was predominantly localized in a different region of the
ER. Specifically, increased levels of Hmglp were concentrated in the nuclear envelope,
whereas increased levels of Hmg2p were concentrated in the peripheral ER. In addition,
an Hmg2p chimeric protein containing a 77-amino acid lumenal segment from Hmglp
was localized in a pattern that resembled that of Hmglp when expressed at increased
levels. Reflecting their different subcellular distributions, elevated levels of Hmglp and
Hmg2p induced sets of ER membrane proliferations with distinct morphologies. The ER
membrane protein, Sec6lp, was localized in the membranes induced by both Hmglp and
Hmg2p green fluorescent protein (GFP) fusions. In contrast, the lumenal ER protein,
Kar2p, was present in Hmglp:GFP membranes, but only rarely in Hmg2p:GFP mem-
branes. These results indicated that the membranes synthesized in response to Hmglp
and Hmg2p were derived from the ER, but that the membranes were not identical in
protein composition. We determined that the different types of ER proliferations were not
simply due to quantitative differences in protein amounts or to the different half-lives of
the two isozymes. It is possible that the specific distributions of the two yeast HMG-CoA
reductase isozymes and their corresponding membrane proliferations may reveal regions
of the ER that are specialized for certain branches of the sterol biosynthetic pathway.

INTRODUCTION comprise the ER are physically contiguous, the ER

The endoplasmic reticulum (ER)' is a dynamic or- consists of multiple subdomains (for review see Sitia

ganelle necessary for protein secretion and lipid bio- and Meldolesi, 1992; Vertel et al., 1992). Originally
synthesisineessaryfrpotesinAlthoughtheretion anes tht

distinguished by morphological differences, these sub-
synthesis in eukaryotes. Although the membranes that domains include the smooth ER, rough ER, the tran-

sitional ER, and the nuclear envelope (Palade, 1975;* Corresponding author. Fawcett, 1981; Rose and Doms, 1988). Although cer-
Abbreviations used: ER, endoplasmic reticulum; HMG, tamcett, includi the ER1988) Al BiP, and
3-hydroxy 3-methylglutaryl coenzyme A; HMGR, 3-hydroxy proteins including chaperone,
3-methylglutaryl coenzyme A reductase; DiOC6, 3,3'-dihexylox- protein disulfide isomerase, appear to be distributed
acarbocyanineiodide; BiP, binding protein. throughout the entire ER (Sitia and Meldolesi, 1992),
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other proteins are limited to specific ER regions. For
example, epoxide hydrolase is a classical marker of
smooth ER (Galteau et al., 1985), and the lamin B
receptor is localized in the inner nuclear envelope
(Smith and Blobel, 1993). Proteins involved in calcium
storage and release are also found in specialized re-
gions of the ER. For example, the Ca++ binding pro-
tein, calsequestrin, is localized in smooth ER regions
and concentrated in vesicles in Purkinje neurons (Villa
et al., 1991; Takei et al., 1992), but is present only in the
terminal cisternae of the sarcoplasmic reticulum in
skeletal muscle (Franzini-Armstrong et al., 1987). In
addition, the inositol 1,4,5-trisphosphate receptor, a
Ca"+ channel, is concentrated in cisternal ER stacks in
Purkinje neurons (Satoh et al., 1990; Takei et al., 1992).
These proteins provide biochemical markers that can
be correlated with morphology to distinguish special-
ized regions of the ER.

In the yeast Saccharomyces cerevisiae, the ER consists
of the nuclear envelope connected to a network of
peripheral ER tubules that underlie the plasma mem-
brane (Matile et al., 1969; Preuss et al., 1991). Many
proteins are localized throughout the ER in yeast,
including the yeast homologue of BiP, Kar2p (Rose et
al., 1989), proteins involved in translocation, such as
Sec62p (Deshaies and Schekman, 1990) and Sec63p
(Feldheim et al., 1992), enzymes involved in protein
modification, including dolichol-phosphate-mannose-
synthase (Preuss et al., 1991), and the protein disulfide
isomerase homologue, Euglp (Tachibana and Stevens,
1992), as well as a protein thought to be involved in
vacuolar ATPase assembly in the ER, Vma2lp (Hill
and Stevens, 1994). Beyond the morphological distinc-
tion between the nuclear envelope and the peripheral
ER, specialized subdomains of the yeast ER are not
evident from the localization patterns of these various
proteins. However, several examples exist that sug-
gest specialized ER subdomains are present in yeast.
For instance, certain areas of the yeast ER accumulate
Kar2p in "BiP bodies" when ER to Golgi traffic is
arrested (Nishikawa et al., 1994). The authors suggest
in one model that a block in ER to Golgi traffic may
cause BiP to accumulate in an ER subdomain that
defines the site of protein export (Nishikawa et al.,
1994). In addition, a specific sub-fraction of the ER is
associated with the mitochondria (Gaigg et al., 1995).
Finally, another example of ER specialization comes
from analysis of HMG-CoA (3-hydroxy-3-methylglu-
taryl coenzyme A) reductase, a protein that can trigger
an alteration of a specific region of the ER (Wright et
al., 1988).
HMG-CoA reductase (HMGR) is an integral ER pro-

tein that catalyzes the rate-limiting step in the sterol
biosynthetic pathway. In addition to sterols, this path-
way also provides the cell with nonsterol metabolites,
including isopentyl-adenine, dolichols, ubiquinone,
and prenyl groups for use in protein translation, gly-

cosylation, electron transport, and protein modifica-
tion. In mammalian cells, the amount of HMGR is
tightly regulated at multiple levels, including tran-
scription, translation, and post-translation (see review
by Goldstein and Brown, 1990). For example, the deg-
radation of HMGR is modulated in response to the
availability of both sterols and nonsterol metabolites
(Roitelman and Simoni, 1992).
All animals that have been examined contain a sin-

gle HMGR gene. In contrast, S. cerevisiae contains two
genes, HMG1 and HMG2, that both encode functional
HMGR isozymes. These genes are estimated to have
arisen from a duplication event that occurred approx-
imately 56 million years ago (Lum, Edwards, and
Wright, unpublished results). Interestingly, although
the catalytic function of the two isozymes is identical,
expression of the two yeast isozymes is regulated
differently. HMG1 transcription is highest in the pres-
ence of oxygen, and this regulation is mediated
through the heme-binding protein Haplp (Thorsness
et al., 1989). When either oxygen or heme levels are
depleted, transcription of HMG1 decreases 10-fold. In
contrast, when oxygen or heme is depleted, transcrip-
tion of HMG2 increases threefold. In addition to dif-
ferences in transcription, HMG1 and HMG2 encode
proteins that have different stabilities. Hmg2p has a
short half-life of about 50-60 min, whereas Hmglp has
a half-life greater than 4 h (Hampton and Rine, 1994).
As in mammalian cells, the degradation of Hmg2p is
regulated by a nonsterol metabolite of the mevalonate
pathway such that when flux through the pathway is
low, Hmg2p stability increases (Hampton and Rine,
1994).
The predicted topologies of yeast and mammalian

HMGR are similar. Both possess a cytosolic catalytic
domain and a complex amino-terminal domain that
passes through the ER membrane seven or eight times.
The amino acid sequence of the HMGR catalytic do-
main is highly conserved, with 65% amino acid iden-
tity between the catalytic domains of mammalian and
yeast HMGRs, and 95% amino acid identity between
the two yeast catalytic domains (Basson et al., 1988). In
contrast, there is no observable amino acid conserva-
tion between the membrane domains of yeast and
mammalian HMGRs. However, the membrane do-
mains of the two yeast HMGRs are 46% identical
(Basson et al., 1988). The function of the membrane
domain includes mediating the regulated degrada-
tion of both the mammalian and yeast HMGRs (Gil
et al., 1985; Skalnik et al., 1988; Hampton and Rine,
1994) and the proliferation of ER membranes when
HMGR levels increase (Jingami et al., 1987; Parrish et
al., 1995).
Both yeast Hmglp and mammalian HMGRs trigger

the proliferation of cell-type-specific membranes
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when expression levels are increased. In mammalian
cells, HMGR induces the formation of crystalloid ER,
which consists of hexagonal arrays of smooth ER tu-
bules that arise from outfoldings of the nuclear enve-
lope (Chin et al., 1982; Pathak et al., 1986). In yeast,
Hmglp triggers the formation of karmellae, which are
stacked pairs of membranes associated with the nu-
cleus (Wright et al., 1988). Interestingly, the type of
membrane proliferation induced depends on the cell-
type (mammalian or yeast), rather than on the source
of HMGR (Wright et al., 1990). Specifically, increased
levels of mammalian HMGR in yeast induce the for-
mation of karmellae, not crystalloid ER, and increased
levels of the Hmglp in mammalian cells induce the
proliferation of crystalloid ER, not karmellae. There-
fore, it appears that cells respond to elevated levels of
HMGR by proliferating a cell-type-specific membrane
array. However, one observation involving the other
HMGR isozyme, Hmg2p, suggested that this response
may be more complicated.
Increased levels of Hmg2p infrequently triggered

the formation of membrane stacks in the peripheral
ER that were distinct from karmellae (Wright et al.,
1988). This result suggested the possibility that the
two HMGR isozymes were localized differently in the
ER. We have explored this possibility and found that
increased levels of Hmglp and Hmg2p were concen-
trated in different regions of the ER, and that each
isozyme induced the proliferation of distinct sets of
membrane arrays. However, the Hmg2p-induced
membrane proliferations did not become abundant
until later in the growth phase of yeast than that
originally assayed by electron microscopy (Wright et
al., 1988). Thus, it is apparent that yeast can respond to
two similar proteins in different ways. These results
also suggest that the ER is not homogeneous in yeast,
but that there are specialized ER regions, some of
which may relate to the role the two HMGR isozymes
have as key regulators of the sterol pathway.

MATERIALS AND METHODS

Yeast Strains and Growth Conditions
The yeast strains used in these studies are listed in Table 1. Cells
were grown at 30°C in rich minimal medium (0.67% yeast nitrogen
base without amino acids, 2% casamino acids, and 2% glucose or 2%
galactose) with the appropriate supplements: adenine (30 ,ug/ml),
histidine (20 ,ug/ml), lysine (40 ,ug/ml), and methionine (20 ,ug/ml).
Cells were grown ovemight at 30'C to stationary phase, then di-
luted to -0.1 OD600/ml in appropriate medium and sampled at
subsequent time points. The cells with the green fluorescent protein
(GFP) fusions were grown overnight in rich minimal medium with
3% raffinose and lOx adenine in addition to the usual supplements,
and then diluted into the same media containing 2% galactose and
3% raffinose and grown for at least 12 h at 30'C. For semi-anaerobic
growth conditions, cells were inoculated into a small flask filled to
the top with medium, sealed with parafilm, and incubated at 30'C.
Lovastatin was prepared as described (Hampton and Rine, 1994)
and was used at 50 jig/ml.

Plasmids
The multicopy (2 micron) plasmids containing HMGI (pJR59) and
HMG2 (pJR360) have been previously described (Basson et al., 1986;
Wright et al., 1988). The galactose-inducible HMG1 construct
(pAK266) was a subclone of pJR435 (Basson et al., 1988). Using
standard techniques (Maniatis et al., 1982), a 0.7-kb EcoRI-SaiI frag-
ment of DNA containing the GALI/lO promoter from pJR435 was
ligated into pRS306 (Sikorski and Hieter, 1989), which was digested
with the same enzymes, producing pAK85. A 3.7-kb Sall fragment
containing the HMG1 gene with no 5'-untranslated region was
placed into the Sall site of pAK85 to yield pAK107. Finally, pAK107
was digested with XhoI and NotI to yield a 4.4-kb fragment contain-
ing the HMG1 gene under control of the GALl promoter, and the
fragment was ligated into pRS316 (Sikorski and Hieter, 1989) di-
gested with the same enzymes, yielding pAK266. The galactose-
inducible HMG2 construct pRH134-2 was provided by Randy
Hampton (University of California Berkeley, Berkeley, CA).
pRH134-2 was made by placing a PstI-SalI fragment containing
HMG2 (Hampton and Rine, 1994) 3' of the GALI promoter in pJR168
(Basson et al., 1988), which had been digested with BamHI and SalI.
The two fragments were connected using a BamHI-PstI adapter
(NEB, Beverly, MA). The Hmg2p chimeric construct (pMP375) con-
taining the Loop G of Hmglp has been previously described (Par-
rish et al., 1995).
The GFP (Prasher et al., 1992; Chalfie et al., 1994) expression

constructs used in these studies were derived from the plasmid
pJC81 (provided by Jeff Cox and Peter Walter, UCSF, San Francisco,

Table 1. Yeast strains

Strains Reference

JRY527 MATa HMG1 HMG2 ura3-52 his3A200 ade2-101 lys2-801 met Basson et al., 1986
JRY1239 MATa HMG1 HMG2 ura3-52 his3A200 ade2-101 lys2-801 met pJR59 (multicopy HMG1) Basson et al., 1986
RWY306 MATa HMG1 HMG2 ura3-52 his3A200 ade2-101 lys2-801 met pJR360 (multicopy HMG2) This paper
JRY1159 MATa hmgl::LYS2 HMG2 ura3-52 his3A200 ade2-101 lys2-801 met Basson et al., 1986
JRY1160 MATa HMG1 hmg2::HIS3 ura3-52 his3A200 ade2-101 lys2-801 met Basson et al., 1986
RWY410 MATa HMG1 HMG2 ura3-52 his3A200 ade2-101 lys2-801 met pAK266 (pGAL1-HMG1) This paper
RWY446 MATa HMG1 HMG2 ura3-52 his3A200 ade2-101 lys2-801 met pRH134-2 (pGAL-HMG2) This paper
RWY590 MATa HMG1 HMG2 leu2-3 leu2-112 prcl::LEU2 suc2A9 ura3-52 pMP375 (multicopy HMG2 Parrish et al., 1995

(same as with Loop G of HMG1)
591)

RWY605 MATa HMG1 HMG2 leu2-3 leu2-112 prcl::LEU2 suc2A9 ura3-52 pJR360 (multicopy HMG2) Parrish et al., 1995
RWY621 MATa HMG1 HMG2 ura3-52 his3A200 ade2-101 lys2-801 met pCR425 (pGAL Hmgl:GFP) This paper
RWY663 MATa HMG1 HMG2 ura3-52 his3A200 ade2-101 lys2-801 met pAK443 (pGAL Hmg2:GFP) This paper
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CA). This plasmid contains a mutant version of GFP1O in which the
first two codons have been changed to encode a BamHI site. To
provide restriction sites useful for constructing in-frame gene fu-
sions, a 1.2-kb BamHI-SaiI fragment of pJC81 (containing the 710-bp
GFP1O open reading frame, 400 bp of the ACTI gene containing the
transcriptional terminator, and 90 bp of the tet gene) was subcloned
into the BamHI-SalI sites of pALTER-1 (Promega, Madison, WI),
creating plasmid pCR416. This positioned KpnI and SmaI sites up-
stream of the BamHI site. A 1.2-kb KpnI-SalI fragment was ligated to
the 8.4-kb KpnI-XhoI fragment of pAK266, creating plasmid
pCR425. This created an Hmgl:GFP fusion, encoding the GALI/lO
promoter, N-terminal 987 amino acids of Hmglp (deleting the 67
C-terminal residues), followed by two linker residues and all of GFP
except for the initiating methionine. The Hmg2:GFP fusion was
made by placing a 3.4-kb EcoRI-BamHI fragment of pRH134-2 con-
taining the GAL1/10 promoter and 893 codons of HMG2 (deleting
the 152 C-terminal codons) into the EcoRI and BamHI sites of
pCR416, to create an in-frame fusion with GFP called pAK442. A
4.6-kb EcoRI-SalI fragment of pAK442 containing the Hmg2:GFP
fusion was placed into the yeast vector pRS316 at its EcoRI and Sall
sites, creating pAK443.

DiOC6 Staining and Confocal Microscopy
DiOC6 (3,3'-dihexyloxacarbocyanineiodide) staining was per-
formed as previously described (Koning et al., 1993). Briefly, a 10
mg/ml or 1 mg/ml stock solution of DiOC6 (Kodak, Rochester, NY)
dissolved in ethanol was used to stain cells at a final concentration
of 10 ,tg DiOC6/1 OD600 cells. Cells (2 ,ul) stained with DiOC6 were
spread thinly on a slide and immobilized with 5 ,lI of 1% Sea Plaque
agarose (FMC Bioproducts, Rockland, ME) dissolved in medium,
and covered with a coverslip. Stained cells were observed with
either conventional fluorescence optics, using a Nikon Microphot-
FXA epifluorescence microscope with excitation (480 ± 20 nm) and
barrier (535 ± 40 nm) filters appropriate for fluorescein, or confocal
microscopy, using a Bio-Rad MRC600 confocal microscope (Rich-
mond, CA) with a 488 nm excitation wavelength and the BHS
emission filter. Images were collected using a laser emission of 0.1%
transmittance, with the aperture set to give an approximate optical
section of 0.5 ,um.

Electron Microscopy
Preparation of cells for electron microscopy and immuno-electron
microscopy was a variation on methods previously described
(Wright and Rine, 1989). Specifically, for conventional electron mi-
croscopy, cells were grown to 1 OD6./ml and 40 ml of culture was
fixed in 2% glutaraldehyde in buffer (0.1 M Trizma base, 10 mM
KCl, 0.54 M NaCl, 1 mM CaCl2, 1 mM MgCl2, 0.2 M sorbitol), then
postfixed in 2% KMnO4, and stained en bloc with 1% uranyl acetate.
The cells were dehydrated through a graded ethanol series, and
embedded in Pelco Ultra Low Viscosity resin (Ted Pella, Redding,
CA) as previously described. Alternatively, cells in which the posi-
tion of karmellae relative to the nucleolus was scored were prepared
by fixation in glutaradehyde and 2% OS04 as previously described
(Byers and Goetsch, 1991). Sections were prepared as previously
described (Wright and Rine, 1989) and stained with Reynold's lead
citrate (Reynolds, 1963). Observations were made on a Philips 300 or
a CM100 microscope at 60-80 kV.

For immuno-electron microscopy, cells were grown to stationary
phase in glucose medium, washed, and resuspended at -0.1
OD600/ml in galactose medium, and grown for 12 h. Again, 40 ml of
cells were fixed in 1% EM grade glutaraldehyde, and 1% EM grade
formaldehyde (Ted Pella) in 40 mM potassium phosphate (pH 6.8).
The cells were treated with 1% aqueous sodium metaperiodate, and
50 mM ammonium chloride as described. The cells were dehy-
drated through a graded ethanol series and embedded in LR White
Resin medium grade (Ted Pella). The resin was polymerized at 47°C
for 2 days, and then sections were cut with a diamond knife and

mounted on 200 mesh nickel grids. Before treatment with antisera,
grids were heated at 60°C for 2 min to ensure that the sections
would not come off during subsequent incubations and washes. For
immunostaining, grids were treated as previously described
(Wright and Rine, 1989). Blocking solution contained PBST (140 mM
NaCl, 3 mM KCl, 8mM Na2HPO4, 1.5 mMKH2PO4, 0.5% Tween-20),
1% ovalbumin grade VII (Sigma Chemical, St. Louis, MO), and 0.1%
cold water fish gelatin (Amersham, Arlinton Heights, IL). Hmg2p
was detected using a 1:100 dilution of an antibody (2970) generated
against the C-terminal 15 amino acids of Hmg2p. This antibody
does not cross-react with Hmglp. Sections were treated similarly
with pre-immune serum. The goat-anti rabbit secondary antibody
coupled to 10-nm gold particles (Ted Pella) was diluted to 0.13
OD520 in blocking solution. After immunostaining, sections were
either stained with 2% uranyl acetate and Reynold's lead citrate, or
left unstained, and observed using a Philips CM100 electron micro-
scope at 60-80 kV.

Immunofluorescence
Immunofluorescence was performed using a procedure similar to
that described by Pringle et al. (1989). Log phase cells were fixed in
3.7% formaldehyde for 1 h at room temperature. The cells were
centrifuged for 3 min at 834 x g in a clinical centrifuge, resuspended
in 2 ml solution B (1 M potassium phosphate buffer, pH 7.5, 1.2 M
sorbitol), and stored at 4°C. Two OD600 units of cells were washed
twice in 1 ml solution B, resuspended in 900 ,ul solution B, and split
into two 450-,ul aliquots. Fifty microliters of a mix of digestion
enzymes (50 ,ul of 1 mg/ml zymolyase 20T [ICN, Costa Mesa, CA]),
50 ,ul glusulase >10 U/,dl [NEN, DuPont Company, Wilmington,
DE], and 5 ,ul ,B-mercaptoethanol) was added to each sample, which
was then incubated at 37°C for 10 and 15 min, respectively. After
cell wall digestion, the cells were washed twice with 1 ml cold (4°C)
TBS (25 mM Trizma base, 3 mM KCl, 140 mM NaCl). Finally, the
cells were resuspended in 0.5 ml TBS. Fifteen microliters of the cell
suspension was loaded onto each well of a multiwell slide (Cel-Line
Associates, Newfield, NJ) that had been pre-treated with 0.5% poly-
ethylenimine for 1-2 min (Sigma Chemical). The cell suspension sat
on the slides for 20 min in a humidified box, and then nonadherent
cells were very gently rinsed away three times with a drop of TBS
applied from a pasteur pipette and an aspirator. Cells were blocked
with 10 ,ul of filtered (0.22 t,m) block solution (TBS + 0.05% Tween
20), 1% ovalbumin Grade VII (Sigma Chemical)] for 30 min at room
temperature. Primary antibodies were diluted in block solution to
2x the desired final concentration and centrifuged for 15 min at 4°C
before use. Antibodies generated against the divergent C-terminal
15 amino acids of Hmglp (DINRLKDGSVTCIKS) and Hmg2p
(QPSNKGPPCKTSALL) were used at 1:20 to 1:100 final concentra-
tions. Kar2p antiserum was a gift of Mark Rose (Princeton Univer-
sity, Princeton, NJ) and was used at a 1:2000 dilution. Sec6lp anti-
serum was a gift of Jeff Brodsky (University of Pittsburgh,
Pittsburgh, PA), and was used at a 1:500 dilution. Ten microliters of
2x primary antibody was applied directly to the block solution
already present in the well and incubated at room temperature for
1 h. The antibody solution was gently aspirated away, and the cells
washed five times with TBST. Again 10 ,ul of blocking solution was
applied to each well. Ten microliters of secondary antibody (goat
anti-rabbit fluorescein conjugated or donkey anti-rabbit Texas Red
conjugated; Cappel Organon Technika, Durham, NC) was diluted
1:500 or 1:250 in block solution, centrifuged for 15 min, and applied
to each well. After 45 min, the 20 antibody was washed five times
with TBST. Ten microliters of 1 p.g/ml 4,6-diamidino-2-phenylin-
dole (DAPI; Sigma Chemical) in TBS was added to each well for 1
min. After one rinse with TBS, a drop of Citifluor (Ted Pella) was
applied to each well, and the slide sealed with a coverslip and
nailpolish. Each experiment typically included treatment of a sam-
ple with an antibody to detect tubulin (Yoll/34; 1:10 dilution;
Accurate Chemical and Scientific Company, Westbury, NY) as a
positive control.
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Immunoprecipitation
HMGR protein was immunoprecipitated using a procedure similar
to that described by Hampton and Rine (1994) and Sengstag et al.
(1990). Cells that had been growing in galactose medium for 11.5 h
were pelleted for 5 min at 834 x g in a clinical centrifuge, washed
with 1 ml galactose medium with no casamino acids or methionine
supplement, repelleted, and finally resuspended at approximately
the original starting OD6o0 in galactose medium with no casamino
acids or methionine. The cells were labeled at 30°C for 30 min with
50 ,tCi Tran35S1label (NEN)/OD600 of cells. The labeled cell pellets
were stored at -76'C until processed. A total membrane fraction
was prepared from the labeled cells using modifications of a method
previously described (Deschenes and Broach, 1987). The frozen cell
pellet was thawed on ice in 1 ml lysis buffer [0.3 M sorbitol, 0.1 M
NaCl, 5 mM MgCl2, and 20 mM 3-(N-morpholino)propanesulfonic
acid, pH 7.4] containing protease inhibitors [2 ,tg/ml each TPCK
(N-tosyl-L-phenylalanine chloromethyl ketone), leupeptin, pepsta-
tin A, aprotinin (Sigma Chemical), and 1 mM PefaBloc SC (Boehr-
inger Mannheim Biochemica, Indianapolis, IN)]. Cells were pelleted
and resuspended in 100 ,ul lysis buffer with protease inhibitors in a
screw cap Eppendorf tube. Acid-washed glass beads were added up
to the meniscus and the sample was agitated for 80 s using a
Mini-Beadbeater (Baxter, Redmond, WA) at 4'C. To maximize re-
covery of lysate after beadbeating, several holes were made in the
cap of the microcentrifuge tube with a 25G needle, and the tube was
placed upside down in a 15-ml conical plastic tube (Lum and
Wright, 1995). The lysate was removed from the beads by centrifu-
gation at 834 X g for 5 min in a clinical centrifuge at 4°C. The entire
sample was transferred to a screw-cap Eppendorf tube and micro-
centrifuged at 4°C for 20 min at top speed. The pelleted membranes
were resuspended in 75 ,ul SUTE/OD600 (1% SDS, 8 M urea, 10 mM
Tris, pH 7.5, 10 mM EDTA) and heated at 65'C for 10 min. Then, 400
Al of IPB (15 mM NaH2PO4, pH 7.5,150 mM NaCl, 2% Triton X-100,
0.1% SDS, 0.5% deoxycholate) with protease inhibitors was added to
equivalent samples in 75 ,ul of SUTE, which was then pre-cleared
with 50 ,ul of a 10% w/v solution of protein A-Sepharose CL-4B
beads (equilibrated and de-fined in IPB; Pharmacia Diagnostics,
Fairfield, NJ). After rotating 30 min at 4°C, the samples were briefly
centrifuged to pellet the beads. The supernatant was transferred to
a new tube to which 15 p.l of a polyclonal anti-,B-galactosidase-
Hmglp antiserum was added (Wright and Rine, 1989). This anti-
serum also recognizes the Hmg2p isozyme, albeit with less affinity.
After rotating 5 h at 4°C the samples were left stationary overnight.
The next day, 50 ,lI of CL-4B beads were added, and the sample was
rotated at 4°C for 3-4 h. After a brief centrifugation, the supematant
was transferred to a new tube to which 15 ,ul more antibody was
added for a second round of immunoprecipitation. The beads were
washed three times with 500 ,ul IPB, then once with 10 mM Tris (pH
7.5), 50 mM NaCl. Finally, the beads were heated at 65'C for 10 min
in 30 ,ul 2x urea sample buffer (8 M urea, 4% SDS, 10% ,B-mercap-
toethanol, 0.125 M Tris, pH 6.8). The second and third rounds of
immunoprecipitations with the same supernatant were treated with
CL-4B beads as described. After electrophoresis through a 7.5%
polyacrylamide gel with a 3% stacker, the dried gel was analyzed
with a Phosphorlmager (Molecular Dynamics, Sunnyvale, CA) and
was also autoradiographed using Kodak X-AR film.

RESULTS

Increased Levels of Hmglp and Hmg2p Induced the
Proliferation of Distinct Sets of Membranes
Yeast cells respond to increased levels of Hmglp by
proliferating stacked pairs of nuclear-associated mem-
branes called karmellae, a term that reflects the posi-
tion of the proliferated ER membranes near the nu-
cleus and their lamellar appearance (Wright et al.,

1988). We can rapidly assay living cells at various
stages of growth for the presence of membrane pro-
liferations by using the positively charged, lipophilic
molecule DiOC6 (Koning et al., 1993). As expected,
DiOC6 staining of cells containing a multicopy HMG1
plasmid (pJR59) revealed the presence of karmellae
membranes. A comparison of the membrane prolifer-
ations in these yeast cells observed with confocal mi-
croscopy of DiOC6-stained cells and with electron mi-
croscopy is shown in Figure 1. Nuclear-associated
karmellae membranes are compared in Figure 1, A
and B (arrows). Cells with high levels of Hmglp also
occasionally contained other types of membrane
proliferations such as peripherally located, closely
stacked pairs of membranes called strips, and concen-
tric multi-layered membrane whorls (Figure 1, C-F,
arrows; see also Lum and Wright, 1995). However,
these membrane proliferations were typically present
only in combination with karmellae membranes. In
rare cases, strips appeared by themselves early in the
growth phase. In addition, whorls accumulated late in
the growth phase.
DiOC6 staining and electron microscopy of cells con-

taining a multicopy HMG2 plasmid (pJR360) revealed
the presence of membrane proliferations that were
distinct from those induced by increased levels of
Hmglp. Although both Hmglp- and Hmg2p-induced
membrane proliferations consisted of closely stacked
pairs of membranes, the morphology and abundance
of the Hmg2p membrane proliferations were different
from those induced by increased levels of Hmglp.
Instead of displaying the typical Hmglp type "half-
moon" karmellae that usually curve over one-half to
three-quarters of the nucleus, Hmg2p induced the
proliferation of peripherally located strips, whorls,
and "short" karmellae that covered only one-eighth to
one-third of the nucleus (Figure 2, A and B, arrows).
These short karmellae frequently appeared to flatten
the nucleus, both in DiOC6-stained living cells and in
cells fixed for electron microscopy. Unlike karmellae
induced by increased levels of Hmglp, short karmel-
lae were not the most abundant type of Hmg2p-in-
duced membrane proliferation. Instead, the majority
of cells contained multiple strips or whorls either
alone or in combination (Figure 2, C-F, arrows).
Since both Hmglp and Hmg2p could induce the

proliferation of nuclear-associated membranes, we an-
alyzed whether these membranes showed a preferen-
tial orientation on the nucleus or whether the mem-
branes proliferated randomly. We used the nucleolus
as an orientation marker because the yeast nucleus
contains a higher order structure such that the spindle
pole body lies opposite the nucleolus (Yang et al.,
1989). Strikingly, the nuclear-associated membranes
were most often located on the side of the nucleus
containing the nucleolus (Figure 3). Additionally, cells
with karmellae had an enlarged zone of densely stain-
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Figure 1. Membrane proliferations induced by increased levels of the Hmglp isozyme. Representative cells of strain JRY1239 with
Hmglp-induced membranes are shown. Mid-log phase cells containing a multicopy HMGI plasmid (pJR59) were either stained with the
lipophilic dye DiOC6 and examined by confocal microscopy (A, C, and E) or fixed for electron microscopy (B, D, and F). (A and B) Hmglp
induces the proliferation of karmellae membranes (arrow) associated with the nucleus (n). (C and D) Cells with karmellae and additional
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ing material associated with the nucleolus (Figure 3A,
arrow) as previously observed (Wright et al., 1988). A
smaller area of densely staining material was observed
in both wild-type cells and in cells with short karmel-
lae (Figure 3, B and C, arrows).

Hmg2p-induced Membranes Disappeared Faster than
Hmglp-induced Membranes
A direct comparison of membrane proliferations from
expression of the isozymes on multicopy plasmids
was complicated by the differential regulation of the
HMG1 and HMG2 promoters (Thorsness et al., 1989).
Therefore, to control for differences in the HMGR
promoters, cells expressing HMG1 or HMG2 under
control of a galactose-inducible promoter (GALl) were
compared.

In both cases, membrane proliferations triggered by
increased amounts of the two HMGR isozymes first
arose 2-4 h after induction of the GALl promoter and
steadily increased in the population until 12 h after
induction (Figure 4A). Over this time period, cells
with increased levels of Hmglp accumulated mem-
brane proliferations in an average of 46% of the cells.
The majority of membrane proliferations in these cells
were karmellae (Figure 4B), and peripheral strips and
whorls were most often found in cells that already had
karmellae membranes. In fact, cells containing only
proliferations of peripheral ER strips were rarely seen.
Following the peak of membrane proliferation at 12 h
after induction, the number of cells with either Hmglp
or Hmg2p membrane proliferations declined over the
following 66 h. Whorls became more evident in both
the Hmglp and Hmg2p cultures during late log and
stationary phase (Figure 4B). In Hmglp-induced cul-
tures, whorls increased from 1 to 8.5% between 24 to
48 h after induction, but karmellae still remained a
major form of proliferation (9.6%) even at 48 h.
Hmg2p-induced membrane proliferations also

steadily increased between 4-12 h after induction,
peaking with an average of 40% of the cells containing
membrane proliferations. Cells with high levels of
Hmg2p accumulated short karmellae (9.8%), whorls
(8.6%), or single or multiple strips (14.3%) in approx-
imately equal abundance in the first half of the time
course (Figure 4B). Between 24 and 30 h after induc-
tion, the percent of cells containing Hmg2p-induced
membranes declined at a threefold faster rate than the
percent of cells containing Hmglp-induced mem-
branes (Figure 4A). In addition, as the number of cells

(Figure 1 cont.) proliferations of peripheral ER membranes called
strips (arrow). (E andF) Cells with karmellae and additional mem-
brane proliferations called whorls (arrow). Also shown in panel E is
a cell with no visible Hmglp-induced membrane proliferations
(arrowhead). Bar for panels A, C, and E, 2 ,um; and for panels B, D,
and F, 500 nm.

with Hmg2p-induced proliferations declined over the
second half of the time course, whorls and strips (9.6%
and 13.6%) became the major forms of proliferation,
and short karmellae became a minor form of prolifer-
ation (2.8%) (Figure 4B, 24 h).

Differences in Protein Amounts Did Not Account for
the Different Types of Membranes Proliferated in
Response to the Two Isozymes
To investigate whether the different sets of membrane
proliferations produced in response to high levels of
Hmglp and Hmg2p were due to differences in the
steady state levels of these proteins, we compared
levels of the HMGR isozymes at 12 h following induc-
tion of the GALl promoter, at the peak of membrane
proliferations. Both Hmglp and Hmg2p were immu-
noprecipitated using a polyclonal antiserum gener-
ated against the catalytic domain of Hmglp (Wright et
al., 1988). This antiserum also cross-reacts with the
Hmg2p catalytic domain, although with less affinity.
To ensure that all the HMGR protein was immuno-
precipitated, the samples were subjected to multiple
rounds of immunoprecipitation (Figure 5A). Quantifi-
cation of the immunoprecipitations using Phos-
phorImager analysis revealed that the Hmglp and
Hmg2p protein levels were similar (Figure 5B). In fact,
the Hmg2p levels were slightly higher than the
Hmglp levels. This result indicated that the differ-
ent types of membranes proliferated in response to
the different HMGR isozymes were not due to vari-
ations in the amount of the respective proteins in the
cell.

Increasing the Stability of Hmg2p with
Lovastatin Increased the Abundance of
Membrane Proliferations, but Did Not
Change their Morphology
A major difference between Hmglp and Hmg2p is the
relative stability of the two proteins. Since Hmg2p has
a much shorter half-life than Hmglp (Hampton and
Rine, 1994), it is possible that the different types of
membranes proliferated in response to Hmg2p may
simply reflect Hmg2p's decreased stability. If this is
the case, stabilizing Hmg2p should produce a profile
of membrane proliferations similar to those induced
by the more stable Hmglp. To test this possibility, we
took advantage of the ability of low amounts of lova-
statin, a competitive inhibitor of HMGR, to stabilize
Hmg2p, thus lengthening its half-life to more resem-
ble that of Hmglp (Hampton and Rine, 1994). The low
amount of lovastatin used in these experiments (50
,tg/ml) had only a slight effect on the growth rate of
the culture, increasing the doubling time from 227 to
250 min.

Interestingly, stabilizing Hmg2p with lovastatin did
not change the types of membranes produced in re-
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Figure 3. Position of nuclear-associated membranes relative to the nucleolus. (A) A representative nucleus in strain JRY1239 (multicopy
HMG1) with prominent karmellae membranes. Karmellae were most often located on the nucleolar side of the nucleus. A densely stained
area associated with the nucleolus (nu) is indicated by an arrowhead. (B) A nucleus with short karmellae in strain RWY306 (multicopy HMG2)
is shown. Short karmellae were also most often located on the nucleolar side of the nucleus. A densely stained area of the nucleolus (nu) is
indicated by an arrowhead). (C) A nucleus in a wild-type cell strain (JRY527) is shown for comparison. A densely stained area of the nucleolus
(nu) is indicated by an arrowhead. (D) The position of each type of karmellae membrane was tabulated in relation to the position of the
nucleolus in sections of cells prepared for electron microscopy. The nucleolus is represented by the stippled area in the pictoral represen-
tations, and the karmellae membranes by the lines around part of the nucleus. Only sections in which karmellae did not entirely encompass
the nucleus or in which the nuclei were not undergoing mitosis were scored. Bar, 500 nm.

sponse to increased levels of Hmg2p. Short karmellae,
strips, and whorls were still formed. However, the
number of cells with membrane proliferations in the
lovastatin-stabilized culture remained high even af-
ter the Hmg2p membrane proliferations in the un-
treated culture had declined (Figure 6A). This effect
was especially apparent at 53 h when 45% of the

cells treated with lovastatin still contained mem-
brane proliferations compared with only 3.5% of the
cells in the control culture without lovastatin. The
persistence of membrane proliferations in the lov-
astatin-stabilized Hmg2p culture resembled the per-
sistence of Hmglp-induced membrane prolifera-
tions. Another difference evident in the Hmg2p
culture with lovastatin was that short karmellae
persisted after they normally would have repre-
sented a minor type of membrane proliferation (Fig-
ure 6B, 24 h). However, peripheral strips and whorls
still formed a sizable fraction of the types of mem-
branes proliferated.

Vol. 7, May 1996

(Figure 2 cont.) visible Hmg2p-induced membrane proliferations
(arrowhead). (C and D) Cells with increased levels of Hmg2p con-
taining proliferations of peripheral ER membranes called strips
(arrow). (E and F) Cells with whorls of membranes (arrow). Bar for
panels A, C, and E, 2 ,um; and for panels B, D, and F, 500 nm.
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The altered distribution of membrane proliferations
in the Hmg2p culture treated with lovastatin sug-
gested that the persistence of Hmglp-induced mem-
branes in late log and stationary phase may reflect the
stability of this isozyme, because membrane prolifer-
ations also persisted in the cells with lovastatin-stabi-
lized Hmg2p. However, the differences in the types of
membrane proliferations produced in response to the
two isozymes were not changed by stabilizing the
Hmg2p isozyme, and therefore could not be explained
by the differential stability of Hmglp versus Hmg2p.
Instead, the same types of membrane proliferations
were produced by the Hmg2p cultures plus or minus
lovastatin. Consequently, the differences in the types
of membrane proliferations induced by increased lev-
els of Hmglp or Hmg2p were intrinsic to the different
isozymes, and reflected the different subcellular dis-
tributions of the two proteins.

A Comparison of Hmglp and Hmg2p
Induced Membranes Over Time

r. -a-Gal HMG1 -*-Gal HMG2
u

1- 8

20 40 60
Time after induction (Hours)

Increased Levels of Hmglp and Hmg2p Had Distinct
ER Localization Patterns
In cells with a 10-fold increase in Hmglp levels, the
protein is present in karmellae membranes (Wright
et al., 1988). Previously, the subcellular location of
Hmglp expressed at endogenous levels could not be
determined, because HMGR is not an abundant pro-
tein. Even when overexpressed, Hmglp is estimated
to make up less than 0.1% of the total cellular protein
(Wright et al., 1988). However, by optimizing the pro-
tocol for detection of HMGR, we determined the sub-
cellular localization of endogenous levels of Hmglp
using indirect immunofluorescence with an antibody
that specifically recognizes the C-terminus of the
Hmglp isozyme. Endogenous levels of Hmglp were
localized predominantly in the nuclear envelope in a
strain deleted for the Hmg2p isozyme (Figure 7, A and
B). The same localization of Hmglp was found in a
wild-type strain expressing both isozymes (our un-
published results). For comparison, the localization
of a lumenal ER protein Kar2p, which is present
throughout the ER, is shown in Figure 7, C and D
(Rose et al., 1989; Preuss et al., 1991).

In cells containing a multicopy HMG1 plasmid,
Hmglp was found predominantly in the nuclear
envelope, although some additional peripheral ER
staining was detectable as assayed by indirect immu-
nofluorescence (Figure 7, E and F). This localization
coincided with the proliferation of membranes in-
duced by increased levels of Hmglp: karmellae mem-
branes arose around the nucleus, and strips arose at
the cellular periphery, presumably from the ER at this
location. In cells with elevated levels of Hmglp, Kar2p
staining was also seen in thickened areas of the nu-
clear envelope that are presumably karmellae (Figure
7, G and H). The variation in staining intensity of
Hmglp may reflect differences in the number of plas-
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Figure 4. Comparison of membrane proliferations induced by ei-
ther Hmglp or Hmg2p. Cells containing either a galactose-inducible
HMGI (RWY410) or a galactose-inducible HMG2 (RWY446) were
grown to stationary phase in glucose medium, and then diluted into
fresh galactose media to induce the production of Hmglp or
Hmg2p. (A) The average amount of total Hmglp- or Hmg2p-in-
duced membrane proliferations at various timepoints is plotted.
Each point represents an average amount of membrane prolifera-
tions (± standard error) from four to six separate experiments. In
each experiment, at least 200 cells were scored per timepoint. Also
shown is a representative growth curve. (B) The relative abundance of
the different types of membrane proliferations seen at three different
timepoints is compared for the Gal HMG1 and Gal HMG2 cultures.

mids inherited by the cell (Rose and Broach, 1991), as
well as differential inheritance of karmellae mem-
branes that segregate with the mother cell (Wright
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Figure 5. Comparison of Hmgl and Hmg2 protein levels by im-
munoprecipitation. Cells containing either native levels of HMG-
CoA reductase (JRY527), the Gal HMG1 (RWY410), or the Gal
HMG2 construct (RWY446) were labeled at the 12 h peak of mem-
brane proliferations and the protein was immunoprecipitated. A
polyclonal antisera raised against a fusion of the catalytic domain of
Hmglp fused to lacZ was used to immunoprecipitate both Hmglp
and Hmg2p. Two rounds of immunoprecipitations were performed
to ensure that all the HMG-CoA reductase (HMGR) was precipi-
tated. (A) Autoradiograph of the immunoprecipitation showing
precipitation of Hmglp and Hmg2p (arrowheads). Hmg2p runs

slightly higher than Hmglp. Additional Hmg2p was immunopre-
cipitated in the second round. (B) The amount of signal immuno-
precipitated was quantified using a Phosphorlmager.

et al., 1988). In the figure, Kar2p staining appears
brighter in cells with increased levels of Hmglp ver-

sus cells with endogenous levels of Hmglp. However,
this difference simply represents variation between
experiments, not elevated levels of Kar2p. In fact,
quantitative immunoblots demonstrated that Kar2p is
not induced by Hmglp overproduction (Wright, Kon-

A Effect of Stabilizing Hmg2p
with Lovastatin
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Figure 6. Stabilizing the Hmg2p with lovastatin did not change
the types of membranes proliferated in response to this isozyme, but
did change their relative abundance. Cells (RWY446) containing the
Gal HMG2 construct were grown in glucose overnight, diluted into
fresh galactose media, and then split into two identical cultures.
Lovastatin (50 ,.g/ml) was added to one of the cultures. Total %
cells with membrane proliferations and the types of membrane
proliferations were scored in at least 200 cells per timepoint. (A)
Total % cells with membrane proliferations in the cultures + lova-
statin over time. (B) A comparison of the different types of Hmg2p-
induced membranes proliferated in the presence or absence of lo-
vastatin at three time points.

ing, Parrish, unpublished results; Jeff Brodsky, per-
sonal communication).
Based on enzyme activity assays in cells deficient for

one or the other HMGR isozyme, Hmg2p contributes
less than a quarter of the HMGR activity in yeast cells
grown aerobically (Basson et al., 1986). Thus, Hmg2p
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Figure 7. Localization of endogenous and increased levels of Hmglp by indirect immunofluorescence. Indirect immunofluorescent
localization of Hmglp and Kar2p is shown in panels A, C, E, and G. Localization of the nucleus in the same cells is shown by DAPI staining
in panels B, D, F, and H. (A and B) Localization of endogenous levels of Hmglp was determined in cells of strain JRY1160 using an antibody
specific for the Hmglp isozyme (against the 15 C-terminal amino acids). (C and D) Localization of Kar2p throughout the entire ER is shown
for comparison in the same strain. (E and F) Increased levels of Hmglp localized in strain JRY1239, which contains a multicopy HMG1
plasmid. (G and H) Localization of Kar2p in strain JRY1239 is shown for comparison. Bar, 5 ,um.

was even more challenging than Hmglp to localize at
endogenous levels. However, because HMG2 mRNA
and enzyme activity levels increase threefold under
low oxygen or heme-depleted conditions (Thorsness et
al., 1989), we decided to use semi-anaerobic growth
conditions to increase the levels of Hmg2p. In cells
deleted for HMG1 and grown semi-anaerobically,
Hmg2p was localized in the nuclear envelope in a
pattern similar to that of Hmglp (Figure 8, A and B).
Endogenous levels of Hmg2p were also localized in
the nuclear envelope in cells grown aerobically, but
the signal was very dim and the background staining
high (our unpublished results). Finally, Hmg2p was
similarly localized in the nuclear envelope in a semi-
anaerobically grown strain containing both isozymes
(our unpublished results). Kar2p immunofluorescence
of the same strain is shown for comparison (Figure 8,
C and D).

In cells with a multicopy HMG2 plasmid, a different
pattern of staining was detected in which bright
patches and circular patterns of staining were evident
around the periphery of the cells and on some nuclei

(Figure 8, E and F). These patterns most likely repre-
sented strips, short karmellae, and whorls seen by
electron microscopy. Faint staining of the nuclear en-
velope was also detectable in many cells. Like Hmglp,
Hmg2p was not distributed equally among all the
cells. This variation may be due, in part, to differences
in the copy number of the plasmid between cells.
These observations indicate that Hmg2p is preferen-
tially localized to the peripheral ER when overex-
pressed. Localization of Kar2p is shown for compari-
son (Figure 8, G and H).

Hmg2p Was Localized in the Membrane
Proliferations by Immunoelectron Microscopy
Cells with elevated levels of Hmg2p were analyzed by
immunoelectron microscopy to determine Hmg2p dis-
tribution. In these cells, an antiserum specific for
Hmg2p labeled ER membrane proliferations: strips,
whorls, and short karmellae (Figure 9, A and B). Oc-
casionally, labeling was seen in the whorl interiors
(our unpublished observations). However, labeling
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Figure 8. Localization of endogenous and increased levels of Hmg2p by indirect immunofluorescence. Indirect immunofluorescent
localization of Hmg2p or Kar2p is shown in panels A, C, E, and G. Localization of the nucleus in the same cells is shown by DAPI staining
in panels B, D, F, and H. (A and B) Localization of endogenous levels of Hmg2p was determined in cells of strain JRY1159 using an antibody
specific for the Hmg2p isozyme (against the 15 C-terminal amino acids). These cells were grown semi-anaerobically to be able to detect
Hmg2p. (C and D) Localization of Kar2p throughout the entire ER is shown for comparison in the same strain also in cells grown
semi-anaerobically. (E and F) Increased levels of Hmg2p were localized in strain RWY306 (grown aerobically), which contains a multicopy
HMG2 plasmid. (G and H) Localization of Kar2p in strain RWY306 is shown for comparison. Bar, 5 ,tm.

density was very low in areas of the nuclear enve-
lope and peripheral ER that had not proliferated. No
significant immunolabeling of these membrane pro-
liferations was detected with pre-immune serum
(Figure 9C). These results were consistent with the
Hmg2p localization pattern seen with indirect im-
munofluorescence.

Increased Levels of Hmgl and Hmg2 GFP Fusions
Colocalize Similarly with Sec61p but not
with Kar2p
Colocalization studies of HMGR isozymes and other
yeast ER proteins were performed to confirm that
the membranes proliferated in response to these
isozymes were derived from the ER. To facilitate
this analysis, fusions of Hmglp and Hmg2p to the
Aequorea GFP (Prasher et al., 1992) were constructed.
To eliminate differences in transcription rates from
the HMG1 versus HMG2 promoter, the GFP fusions
were expressed under control of the inducible GALl
promoter. The patterns of fluorescence seen with

Hmgl:GFP and Hmg2:GFP fusions were identical
to the patterns of elevated levels of the native
isozymes (compare Figure 7, E and F, and Figure 8,
E and F, with Figure 10, GFP column). The bright
GFP fluorescent areas represented membrane pro-
liferations because these areas also stained with the
ER membrane dye R6 (rhodamine B, hexyl ester
chloride) in a pattern identical to that seen in Fig-
ures 1 and 2 (our unpublished observations). The
staining properties of R6 are identical to that of
DiOC6, except that R6 fluoresces red (Terasaki et al.,
1984). In addition, electron microscopy confirmed
that karmellae membranes were induced by in-
creased levels of the Hmgl :GFP fusion (Profant,
Roberts, and Wright, unpublished observations). A
similar Hmg2:GFP fusion has been previously re-
ported (Hampton et al., 1996), which was shown to
be present in membrane proliferations stained with
R6 and to induce Hmg2p-type membrane prolifera-
tions as seen by electron microscopy.
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Figure 9. Localization of Hmg2p in strips, whorls, and short karmellae by immunoelectron microscopy. Cells of strain RWY446, which had
high levels of Hmg2p, were immunolabeled as described in MATERIALS AND METHODS. (A) A whorl and peripheral strip of ER were
densely labeled with gold particles; nucleus (n). (B) Short karmellae proliferation also contained high amounts of Hmg2p. (C) RWY446 cells
treated with pre-immune serum. Bar, 200 nm.

Indirect immunofluorescence of Kar2p, a lumenal
ER protein, and Sec6lp, an integral ER membrane
protein that is part of the translocation pore complex
(see review by High and Stirling, 1993) were com-
pared with the localization patterns of the Hmgl:GFP

and Hmg2:GFP fusions. As a control for the proce-
dure, both GFP fusions were colocalized successfully
with an antibody that cross-reacts with both HMGR
catalytic domains (Figure 10, row 3 [96% co-localiza-
tion] and row 6 [98% colocalization]). Sec6lp was
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present in 89% of the membranes containing Hmg2:
GFP (Figure 10, row 1), and 76% of the membranes
containing Hmgl:GFP (Figure 10, row 4). Unexpect-
edly, Kar2p was present only 5% of the time in Hmg2:
GFP-induced membranes (Figure 10, row 2), but in
74% of the membranes containing Hmgl:GFP (Figure
10, row 5). Therefore, both Hmgl:GFP and Hmg2:GFP
colocalized similarly with the ER membrane protein
Sec6lp. However, the ER lumenal protein Kar2p was
strikingly less abundant in the Hmg2:GFP-containing
membrane proliferations than in the Hmgl:GFP-con-
taining membrane proliferations.

Exchanging a Lumenal Loop of Hmg2p with the
Corresponding Loop from the Membrane Domain of
Hmglp Altered the Distribution of Hmg2p
Recently, exchanges between regions of the Hmglp
membrane domain and Hmg2p membrane domain
identified a region of the Hmglp membrane domain
that is responsible for the proliferation of karmellae
(Parrish et al., 1995). The 77-amino acid region of the
protein between the last two membrane spanning re-
gions, called Loop G (Figure liE), was identified as
necessary and sufficient to cause an Hmg2p construct
containing Loop G from Hmglp to produce karmel-
lae. We have examined the subcellular localization of
increased levels of this exchange construct compared
with increased levels of native Hmg2p using indirect
immunofluorescence. Instead of the mainly peripheral
ER pattern distinctive of increased Hmg2p (Figure 11,
A and B), the Hmg2p construct containing Loop G of
Hmglp was concentrated in the nuclear envelope in a
pattern that appeared identical to that of increased
levels of Hmglp (Figure 11, C and D). Examination of
the reciprocal exchange will be necessary to determine
the role of the Hmg2p Loop G sequences in Hmg2p
localization at increased expression levels.

DISCUSSION

Hmglp- and Hmg2p-induced Membranes
Mammalian cells that synthesize abundant steroids
produce smooth ER membrane proliferations, and
presumably have naturally elevated levels of HMGR
(Sisson and Fahrenbach, 1967; Black, 1972; Fringes and
Gorgas, 1993). In addition, proliferation of membranes
can be induced by artificially elevating HMGR levels
with competitive inhibitors of HMGR, such as com-
pactin (Chin et al., 1982) and lovastatin (Singer et al.,
1988). Because elevated levels of serum cholesterol are
important risk factors for developing heart disease,
HMGR inhibitors are increasingly prescribed to re-
duce serum cholesterol levels. As a result, more than a
million people are currently taking these drugs. Al-
though we have not identified conditions under which
yeast cells naturally produce elevated levels of HMGR

sufficient to induce membrane proliferations, we have
identified a yeast model in which we can investigate
HMGR-induced membrane biogenesis. These studies
may in turn lead to a better understanding of cellular
membrane homeostasis, including that induced by
HMGR inhibitors.
Despite some similarities, the membranes induced

by Hmglp and Hmg2p were morphologically and
temporally distinct, and reflected the different local-
ization patterns of the two isozymes when expressed
at increased levels. Karmellae were the most abundant
type of membrane proliferation induced by increased
levels of Hmglp except in late stages of growth when
whorls became abundant. In contrast, the proportion
of Hmg2p-expressing cells with short karmellae
steadily decreased relative to the proportion of cells
with strips and whorls as culture growth progressed.
Since Hmg2p has a much shorter half-life than
Hmglp, the greater proportion of whorls in Hmg2p
cultures may reflect the faster turnover of both Hmg2p
and of Hmg2p-induced membranes. Indeed, stabiliz-
ing Hmg2p with lovastatin led to the persistence of
Hmg2p-induced membrane proliferations long after
they had disappeared in a parallel unstabilized cul-
ture. In Schizosaccharomyces pombe, whorls are thought
to be intermediates in the degradation of HMGR-
induced membranes (Lum and Wright, 1995). Our
preliminary results suggest that whorls may be deg-
radative intermediates in S. cerevisiae as well (our un-
published results).

It is interesting to note that both types of HMGR-
induced karmellae preferentially arose from the nu-
clear envelope on the side that contained the nucleo-
lus. This asymmetry reflected the natural polarity of
the yeast nucleus in which the spindle pole body is
positioned opposite the nucleolus (Yang et al., 1989).
The asymmetry of these karmellae membranes is not
attributable to the budding pattern of S. cerevisiae di-
vision, because karmellae are also preferentially found
on the nucleolar side of the nucleus in fission yeast
(Lum and Wright, unpublished results). These results
suggest that elevated levels of HMGR may reveal
additional specialized regions that exist within the
nuclear envelope.

Localization of Hmglp and Hmg2p
Due to the density of ribosomes in the yeast cyto-
plasm, identifying even classical ER subdomains such
as smooth and rough ER is difficult. However, a clear
distinction can be made in yeast between the nuclear
envelope and the remainder of the ER. For example,
components of the nuclear pores localize predomi-
nantly in the nuclear envelope (Aitchison et al., 1995;
Li et al., 1995; Strambio-de-Castillia et al., 1995). Many
other yeast ER proteins show no apparent enrichment
in specialized subdomains, but are instead found

Vol. 7, May 1996 783



A.J. Koning et al.

Ab GFP DATI
l .. ............................................... ...................... | .

. ,__
_|__s

X___I__H . IC)Q __ __
w.____

_ _____1LlI_ ______ ____ 11 "

Qq_P __O1 _w_ ' w I .N..t _ __ _.__% b -W _ _ ___________________________________1 . .............................. .. ... ....... . 1 _ _ _ . .t-' f __ __
,_.__X _

.._
O __< _l -S

___w_
X

r£ S
X___lCD _ ___ _

J _|r_

b____n n__v __ __sU ; X11 l_U _I lbt 2 I-I I- _
l_|_,l-I _- l l l l _ E !X l l _l l- ................................................................. : __es .. __ 1 'i'''---'''----''---'---''l----'---''-------D''--'''''--''- ---o__ s_

e

S _
|____
d_ _

Figure 10.

Molecular Biology of the Cell784



Localization of Yeast HMG-CoA Reductases

throughout the ER (Rose et al., 1989; Feldheim et al.,
1992; Hill and Stevens, 1994; Schlenstedt et al., 1995). A
possible exception is Cnelp, a calnexin homologue,
which appears to be enriched in the nuclear envelope
in a pattern similar to that of Hmglp at increased
levels (Figure 8D in Parlati et al., 1995). Thus, special-
ization within the yeast ER has not been readily ap-
parent for proteins other than nucleoporins and spin-
dle-pole body components. However, to the limits of
our detection, endogenous levels of Hmglp and
Hmg2p were both predominantly localized in an ER
subdomain: the nuclear envelope.

Interestingly, with a moderate 10- to 16-fold increase
in the amount of HMGR, the two yeast HMGR iso-
zymes showed different localization patterns. Hmglp
was still localized predominantly in the nuclear enve-
lope, whereas Hmg2p was found predominantly in
the peripheral ER. In contrast, many other yeast ER
proteins are not preferentially localized in different ER
subdomains when overexpressed (Deshaies and
Schekman, 1990; Preuss et al., 1991; Tachibana and
Stevens, 1992; Esnault et al., 1993; Chapman and
Munro, 1994; Hamburger et al., 1995). Thus, the local-
ization of increased levels of Hmglp and Hmg2p in
different regions of the ER is not a general feature of
the yeast ER proteins studied so far. Moreover, in-
creased levels of both Hmgl:GFP and Hmg2:GFP co-
localized with Sec6lp, demonstrating that these mem-
brane proliferations were derived from the ER. In
contrast, although Kar2p (BiP) did colocalize with
Hmgl :GFP, Kar2p did not colocalize appreciably with
Hmg2:GFP. This result was unexpected because
Kar2p is involved in the translocation of proteins into
the ER, and therefore its distribution would be ex-
pected to be similar to that of Sec6lp, a component of
the translocation pore. Recently, the distribution of
Kar2p in the yeast ER was examined with IEM
(Bachem and Mendgen, 1995). In these studies, Kar2p

(Figure 10 cont.) Colocalization of Hmgl:GFP and Hmg2:GFP
with other ER proteins. Cells containing the galactose-inducible
GFP fusions of Hmglp (RWY621) or Hmg2p (RWY663) were grown
in galactose/raffinose medium to induce the expression of the pro-
teins, and then fixed and prepared for indirect immunofluorescence.
The left column labeled "Ab" shows the immunofluorescent pattern
of different antibody treatments. The center column labeled "GFP"
shows the fluorescence of the GFP fusions in the same cells. And the
right column labeled "DAPI" shows the location of the nuclei in the
same cells. Rows 1-3 contain cells expressing the Hmg2p:GFP fu-
sion. (Row 1) Sec6lp colocalized with Hmg2:GFP. (Row 2) Kar2p
did not colocalize extensively with Hmg2:GFP. (Row 3) Hmg2:GFP
was recognized by antibodies against the conserved catalytic do-
main of Hmglp demonstrating that the procedure was effective.
Rows 4-6 contain cells expressing the Hmgl:GFP fusion. (Row 4)
Sec6lp colocalized with Hmgl:GFP. (Row 5) Kar2p colocalized with
Hmgl:GFP. (Row 6) Hmgl:GFP was recognized with an antibody
against the catalytic domain. No bleedthrough of GFP fluorescence
was seen in the red channel in controls lacking treatment with
primary antibody. Bar, 5 ,um.

was least abundant in the nuclear envelope, more
abundant in the cortical ER (near the cell periphery),
and most abundant in the internal ER (excluding the
nuclear envelope and cortical ER). Since it is thought
that BiP can diffuse freely within the ER (Ceriotti and
Colman, 1988), Kar2p may have restricted access to
the Hmg2p-induced membranes, because it was not
localized appreciably in either the nuclear or periph-
erally located membrane proliferations induced by
Hmg2p.
An interesting difference between Hmg2p and

Hmglp is that the localization of Hmg2p was altered
when the protein was expressed at high versus low
levels. Since endogenous levels of Hmg2p were diffi-
cult to detect by immunofluorescence, it may be that
the techniques used were not sensitive enough to
observe Hmg2p in the peripheral ER. However,
even if the two isozymes have similar distributions
at endogenous levels of expression, each protein
may organize a different microdomain in the nu-
clear envelope that contains different sets of associ-
ated proteins. Thus, the two proteins might appear
to be uniformly localized throughout the nuclear
envelope, but actually be present in nonoverlap-
ping, interspersed microdomains. The distinct pat-
terns of membrane proliferations induced by
Hmglp versus Hmg2p would then reflect the con-
sequences of expansion of these different microdo-
mains.
We may gain insight into the differences between

the two isozymes by investigating regions of the two
proteins that are required for their different localiza-
tion patterns at increased expression levels. Increased
levels of Hmg2p containing Loop G from Hmglp
displayed the localization pattern of Hmglp. This re-
sult suggested that the Loop G of Hmglp contained a
signal that retained the majority of Hmglp in the
nuclear envelope. Alternatively, information neces-
sary to localize increased levels of Hmg2p to the pe-
ripheral ER may have been lost, resulting in a local-
ization resembling that of Hmglp. Our preliminary
results in localizing a chimeric version of Hmglp that
contains Loop G sequences from Hmg2p support the
second possibility. When expressed at increased lev-
els, a chimeric Hmglp with Loop G from Hmg2p was
localized to the nuclear envelope in a pattern resem-
bling increased levels of native Hmglp (our unpub-
lished results). Therefore, Loop G sequences from
Hmg2p were necessary for its localization pattern at
increased levels of expression, but not sufficient to
confer Hmg2p localization when expressed in the con-
text of native Hmglp. Further experiments are under-
way to investigate the role of Loop G and other re-
gions of the protein in the localization of Hmglp and
Hmg2p.
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Figure 11. Substituting the Loop G of Hmg2p with that of Hmglp
alters the Hmg2p distribution in the ER. (A and B) Immunofluores-
cent localization of increased levels of Hmg2p (RWY605), and lo-
calization of the nucleus in the same cells by DAPI staining. (C and
D) Immunofluorescent localization of cells containing increased
levels of the Hmg2p construct containing Loop G of Hmglp
(RWY590), and localization of the nucleus in the same cells by DAPI
staining. In both cases an antiserum against the C-terminal 15 amino
acids of Hmg2p was used to detect the proteins. (E) Loop G is
predicted to lie in the ER lumen between the last two membrane
spanning regions of HMG-CoA reductase.

Why Two Isozymes of HMGR?
All animals appear to require only a single HMGR
isozyme. Why then does the simpler, unicellular fun-

gus S. cerevisiae encode two isozymes of HMGR? Part
of the answer may lie in the differential expression of
the HMGR genes in response to oxygen levels and to
heme (whose levels reflect oxygen availability). The
differential expression of HMG1 versus HMG2 under
different oxygen levels acts as a buffer so that changing
levels of heme do not affect the total levels of HMGR
in the cell (Thorsness et al., 1989). Similar to HMG1 and
HMG2, subunit V of the yeast mitochondrial cyto-
chrome c oxidase complex and cytochrome c are en-
coded by different isoforms whose abundance changes
depending on the cellular levels of heme (Guarente
and Mason, 1983; Laz et al., 1984; Trueblood et al.,
1988). It has been suggested that the more abundant
subunits under low oxygen conditions are better
adapted to those conditions and possibly to interac-
tions with each other (Trueblood et al., 1988). Likewise,
Hmglp may be better suited for aerobic conditions
and Hmg2p for low oxygen conditions. For example,
under heme-depleted conditions, the specific activity
of HMGR in cells expressing only Hmg2p is 10-fold
higher than in cells expressing only Hmglp, yet the
cells with the Hmg2p isozyme produce 24-fold more
sterols (Casey et al., 1992). This result suggests that
under heme-depleted conditions the pathway contain-
ing the Hmg2p isozyme is better adapted to synthe-
size sterols than the pathway containing Hmglp.
Since yeast cells are likely to encounter variable oxy-
gen conditions in their natural environment, the abil-
ity to buffer both the levels and isoforms of HMGR
may be important for cell viability. Indeed, in a com-
petition experiment under normal laboratory culture
conditions, cells with both forms of HMGR out-com-
peted cells with only one or the other isozyme (Basson
et al., 1987).
Another indication that the presence of two HMGR

isozymes is important to the cell follows from research
on the fate of mevalonate, the product of the reaction
catalyzed by both Hmglp and Hmg2p (Casey et al.,
1992). Since mevalonate is soluble, it might be ex-
pected to have the same fate regardless of which
HMGR isozyme produced it. However, results from
Casey and colleagues suggest that the mevalonate
produced by the two HMGR isozymes is not equally
available to all elements of the mevalonate pathway
(Casey et al., 1992). Specifically, they report that the
production of sterols from Hmglp-derived meval-
onate is limited by palmitoleic acid availability, unaf-
fected by oleic acid, and strongly inhibited by ergos-
terol (the yeast equivalent of cholesterol). In contrast,
the production of sterols from Hmg2p-derived meva-
lonate is unaffected by palmitoleic acid, decreased by
oleic acid, and slightly decreased by ergosterol. Sur-
prisingly, these effects were not due to altered expres-
sion or activity of the HMGR isozymes, but instead,
reflected the isozyme-specific source of the meval-
onate. This result led the authors to suggest that the
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two isozymes are physiologically compartmentalized
(Casey et al., 1992). Consistent with this possibility,
our results suggested that, at least at elevated levels,
Hmglp and Hmg2p were physically compartmental-
ized, being concentrated preferentially in different re-
gions of the ER.
By analyzing different responses of yeast to in-

creased levels of the HMGR isozymes we have uncov-
ered differences that are undetectable at endogenous
levels of expression. Such differences included induc-
tion of distinct sets of membrane proliferations with
different protein compositions and the presence of a
lumenal region of Hmg2p that was necessary for its
localization pattern when expressed at increased lev-
els. Together with the results that suggest isozyme-
specific fates of mevalonate in the sterol pathway (Ca-
sey et al., 1992), the evidence suggests that HMGR
isozymes interact with different sets of cellular pro-
teins. Thus, the particular regions of the ER prolifer-
ated in response to elevated HMGR levels may reveal
ER regions specialized for specific branches of the
sterol biosynthetic pathway that are undetectable at
endogenous expression levels of HMGR.
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